Endocannabinoid signaling has recently been implicated in ethanol-seeking behavior. We analyzed the expression of endocannabinoidrelated genes in key brain regions of reward and dependence, and compared them between the alcohol-preferring AA (Alko Alcohol) and nonpreferring ANA (Alko Non-Alcohol) rat lines. A decreased expression of fatty acid amidohydrolase (FAAH), the main endocannabinoid-degrading enzyme, was found in prefrontal cortex (PFC) of AA rats, and was accompanied by decreased enzyme activity in this region. Binding of the endocannabinoid-cannabinoid 1 (CB1) receptor ligand 3 [H]SR141716A, and [35S]GTPgS incorporation stimulated by the CB1 agonist WIN 55,212-2 were downregulated in the same area. Together, this suggests an overactive endocannabinoid transmission in the PFC of AA animals, and a compensatory downregulation of CB1 signaling. The functional role of impaired FAAH function for alcohol self-administration was validated in two independent ways. The CB1 antagonist SR141716A potently and dose-dependently suppressed self-administration in AA rats when given systemically, or locally into the PFC, but not in the striatum. Conversely, intra-PFC injections of the competitive FAAH inhibitor URB597 increased ethanol self-administration in nonselected Wistar rats. These results show for the first time that impaired FAAH function may confer a phenotype of high voluntary alcohol intake, and point to a FAAH both as a potential susceptibility factor and a therapeutic target.
INTRODUCTION
Alcohol use is a major cause of morbidity and mortality. Recent data indicate that it accounts for appr. 85000 deaths/ year in the US alone, making it the number three externally modifiable cause of mortality (Mokdad et al, 2004) . Genetic susceptibility factors interact with the environment to account for a considerable heritability in alcohol use disorders (Enoch and Goldman, 2001 ). Identification of heritable susceptibility factors offers a promise of improved and ultimately individualized pharmacological treatment in this disorder, a promise which is in part beginning to be realized (Oslin et al, 2003) .
Endocannabinoid signaling has recently been shown to regulate various aspects of alcohol-seeking behavior (Hungund et al, 2003; Wang et al, 2003; Poncelet et al, 2003; Houchi et al, 2005; Colombo et al, 1998b; Rodriguez et al, 1999) . The endocannabinoids, that is, arachidonyl ethanolamide (anandamide (AEA)) and arachidonyl glycerol (1-AG, 2-AG), are produced postsynaptically upon neuronal depolarization through hydrolysis of membrane lipids by N-acyl phosphatidylethanolamide-selective phospholipase D (NAPE-PLD). Following release, they diffuse back to the presynaptic neuron, where they act as shortrange modulators of synaptic activity by modulating neurotransmitter release. Central nervous system actions of endocannabinoids are largely mediated through cannabinoid 1 (CB1) receptors, which are abundantly expressed in the adult brain, and have a distribution consistent with the ability of cannabinoids to alter pain perception, affect motor function, impair cognition and memory, and stimulate feeding (Hohmann and Herkenham, 2000; Herkenham et al, 1990; Matsuda et al, 1993; Freund et al, 2003) . Those actions are effectively inhibited by the CB1 receptor antagonist SR141716A (Rinaldi-Carmona et al, 1994) , and are abolished in CB1 null mutants (Lutz, 2002) . Endocan-nabinoid actions at CB1 receptors are predominantely terminated through degradation by fatty acid amidohydrolase (FAAH), and to a smaller extent by monoacylglycerol lipase (MAGL) (Freund et al, 2003) .
Animal models based on selective breeding for excessive ethanol drinking have demonstrated a utility for identifying and validating novel alcoholism treatment targets (McBride and Li, 1998) . The alcohol-preferring AA (Alko Alcohol) and the alcohol-avoiding ANA (Alko Non-Alcohol) rat lines are among the best-established selection-based models, and have been bidrectionally bred for high and low alcohol consumption, respectively, for over 90 generations (Sinclair et al, 1989) . AA rats also share some interesting behavioral traits with early onset alcoholism, which has a distinct heritability and pharmacogenomic profile (Johnson et al, 2000; Cloninger, 1987; Möller et al, 1997) . The AA and ANA lines have diverged with respect to several neurochemical measures (Sinclair et al, 1989; Gianoulakis et al, 1992; Arlinde et al, 2004) , but the factors causing differential alcohol self-administration between them remain largely unknown.
Here, we therefore asked whether genetic differences between alcohol-preferring AA and alcohol-nonpreferring ANA rats include the endocannabinoid system, and whether such differences are of functional importance for the differential alcohol self-administration of the two lines.
MATERIALS AND METHODS

Animals
Ethanol-preferring AA (Alko, Alcohol; National Public Health Institute, Helsinki, Finland) and ethanol nonpreferring ANA (Alko, Non-Alcohol) male rats weighing 180-200 g at the beginning of the experiments were used. Animals were housed two/cage for ethanol self-administration experiments or otherwise in groups of four in a room with controlled temperature (20721C) and humidity (5575%) on a reverse 12-h light-dark cycle (lights on at noon). Water and RM1 pellet food (SDS Ltd, Witham, UK) were available ad libitum in the home cage, except during initial training (see below). Operant sessions were during the dark phase of the light-dark cycle between 0800 and 1100. For in situ and in vitro studies drug-naïve animals were killed by decapitation, the brains were snap frozen in À401C isopentane and kept in À701C. All experimental procedures using animals were carried out under the National Animal Welfare Act and were approved by the local ethical committees (National Public Health Institute's Animal Care and Use Committee; Stockholm South Animal Ethics Committee).
CB1 Receptor mRNA In Situ Hybridization
Brain sections (10 mm) were taken at bregma levels (1) + 2.2 to + 1.7 mm, (2) + 1.0 to + 0.2 mm, (3) À0.4 to À1.8 mm, and (4) À2.3 to À3.3 mm (Paxinos and Watson, 1986) . The CB1 receptor riboprobe was generated by PCR and corresponds to nucleotides 1232-1272 of the cDNA sequence (NM_012784; (Matsuda et al, 1990) ). Probe RNA synthesis and in situ hybridization have been described in detail recently (Caberlotto et al, 2003) . The hybridized sections were exposed to BiomaxtMR film (Kodak, NY, USA). Regions of interest were defined by anatomical landmarks as described in Paxinos and Watson (1986) and mean gray values from film autoradiograms were measured using a SAS Biovision image analyzing system (Avanzati, Milan, Italy). Optical density values (means7SEM) were obtained as described in Hansson et al (2003) .
Real-Time PCR and Cannabinoid Biochemistry
Dissection of frozen brains was performed in a cryostat. Brains were placed in acrylic rat brain matrices, and 2 mm thick slices were obtained using brain matrix razor blades. The target brain regions were collected using a scalpel (prefrontal cortex (PFC) and dorsal hippocampus) or a sample corer (dorsal striatum). Location of the brain slices according to Paxinos and Watson (1986) were: PFC: first 2 mm anterior portion of the brain, bregma 5.20-3.20 mm. Dorsal striatum: bregma 1.00 to À1.00 mm. Dorsal hippocampus: bregma À0.56 to À2.56 mm. Cerebellum: posterior end of brain eliminating pons and medulla oblongata, bregma À9.16 to À14.60 mm.
Real-time PCR for relative quantification of CB1, FAAH, MAGL, and NAPE-PLD mRNA expression. Total RNA from PFC, dorsal striatum and cerebellum was obtained using Trizol reagent (Gibco BRL Life Technologies, Baltimore, MD) according to the manufacturer's instructions. All RNA samples showed A260/280 ratios between 1.8 and 2.0. First-strand synthesis from each sample was carried out using random hexamer primer and M-MuLV reverse transcriptase (Roche Applied Science, Indianapolis, USA) according to manufacturer's instructions. Negative control reactions omitted reverse transcriptase. Resulting cDNAs were used as the template for real-time quantitative PCR, which was performed on the LightCycler instrument (Roche) with the SYBR Green I detection format. The following primers were used (Accession numbers from NCBI database in parenthesis): CB1 (NM_012784 Quantification was carried out on the basis of standard curves run simultaneously with unknown samples. CB1, FAAH, MAGL, NAPE-PLD, and b-Gluc standards were generated by PCR amplification from control samples. The PCR product was run in a 1% agarose gel electrophoresis to verify fragment size and the absence of other contaminant fragments, quantified by 260 nm absorbance, and serially diluted to 10 À5 pg/ml. Several 10-fold dilutions (10 À1 to 10
À5
) were checked for optimal cycling on the LightCycler and three of them in an interval within which the samples fell were selected for standard curves.
Each reaction was run in duplicate and contained 3 ml of cDNA template, 3 mM MgCl 2 and 0.5 mM of primers in a final reaction volume of 20 ml. Cycling parameters were 951C for 10 min to activate DNA polymerase, then 30-40 cycles of 951C for 10 s, annealing temperature for 10 s (CB1: 621C, FAAH: 411C, MAGL: 581C, NAPE-PLD: 571C, b-Gluc: 611C) and a final extension step of 721C for 16 s in which fluorescence was acquired. Melting curves analysis was performed to ensure that only a single product was amplified. Data for CB1, FAAH, MAGL, NAPE-PLD were normalized for expression of b-Gluc. This internal standard was chosen based on first analyzing a panel of housekeeping genes that additionally included GAPDH, cyclophyllin, and SP1. Among these, b-Gluc, but not the other housekeeping gene transcripts were constant between AA and ANA rats.
Membrane-bound FAAH activity. Unlabeled AEA standard and [ 2 H 4 ]-labeled AEA were synthesized as described (Giuffrida et al, 2000) . Tissues were homogenized in 50 mM Tris buffer, pH 8, containing 0.32 M sucrose. Homogenates were centrifuged first at 1000g (5 min), the pellet discarded and the supernantant centrifuged at 45 000g (30 min). The pellets obtained were solubilized at 0-41C in Tris buffer. Protein content in the membrane fraction was measured with the Bradford method. All tissue samples and membrane fractions were stored at À701C until used.
Membrane-bound FAAH activity was measured by using arachidonoyl-[1- 3 H]ethanolamine) in the aqueous phase after chloroform extraction, as described (Desarnaud et al, 1995; Rodriguez et al, 2001) . Standard amidohydrolase assays were carried out for 10 min at 371C in 1 ml of TRIS buffer (50 mM, pH 7.5) containing membrane fraction (100 mg of protein) and a saturating 10 mM concentration of tritiated AEA (10 000 dpm/ml). Identical incubations were carried out in the absence of tissue: these 'blank' samples contained around 40 dpm/ sample that were subtracted from values obtained with tissue samples. Under these conditions, AEA hydrolysis was found to be linear with respect to time and protein concentration (Desarnaud et al, 1995) .
Endocannabinoid levels. Brain regions PFC, caudate putamen and hippocampus from AA and ANA rats were dissected out from 2 mm coronal brain slices as recently described above for the biochemistry and assayed for AEA and 1-AG measurements as reported previously (Wang et al, 2003) .
CB1 receptor binding. CB1-binding assays in membranes were performed as previously described (Hirst et al, 1996) using 3 [H]SR141716A (Amersham, Little Chalfont, UK, 59 Ci/mmol) as ligand. Assays were performed in triplicates for 60 at 301C in a final volume of 0.5 ml using a saturating concentration of SR-141716A (10 nM). Nonspecific binding was achieved with the inclusion of WIN-55,212-2 10 mM. Results are expressed in fmol/mg protein.
Cannabinoid-stimulated CB1 receptorFG-protein coupling in rat brain membranes. S]GTP g S binding was determined as described previously (Sim et al, 1996) , using 20 mg protein from membrane fractions. Membranes were incubated at 301C for 1 h in assay buffer (50 mM Tris-HCl, 3 mM MgCl 2 , 0.2 mM EGTA, 100 mM NaCl, 0.1 mg/ml BSA, pH 7.4), with 10 mM of WIN 55,212-2 in the presence of 20 mM GDP and 0.05 nM [ 35 S]GTP g S in a 1 ml total volume. Basal binding was measured in the absence of agonist, and nonspecific binding was measured with 10 mM guanidyl imidodiphosphate. The reaction was terminated by rapid centrifugation (20 000g) at 41C, followed by two washes with cold Tris buffer. Bound radioactivity was determined by liquid scintillation spectrophotometry, at 95% efficiency for [
35 S], after overnight extraction in 5 ml Ecolite scintillation fluid. Data are reported as mean7SEM values of percentage of stimulation over basal levels.
Behavioral Pharmacology
Ethanol and saccharin self-administration. Ethanol selfadministration sessions were conducted in operant chambers (Lafayette Instrument, Lafayette, IN) equipped with two response levers. Responses at the appropriate lever activated a syringe pump, delivering a 0.1-ml drop of 10% (w/v) ethanol solution to the drinking cup between the levers in the center panel of the operant chamber. The MED-PC behavioral software (MED Associates Inc., Georgia, VT) was used for controlling the operant chambers and collecting data.
Rats were trained to orally self-administer ethanol using a saccharin-fading training protocol. Briefly, rats were placed on a 12-h water deprivation schedule for 3 consecutive days and trained to respond for a 0.1-ml drop of 0.2% (w/v) saccharin solution on both levers on a fixed ratio 1 reinforcement schedule. After the initial training, water deprivation was terminated, and animals had free access to food and water in their home cages throughout the subsequent training and testing. During the following sessions, responses on the right lever resulted in delivery of 5.0% ethanol + 0.2% saccharin (w/v) solution, whereas responses on the other lever were recorded but had no programmed consequences. Thereafter, the concentration of ethanol was first raised to 8% and then to 10% (w/v), and the concentration of saccharin was decreased, until saccharin was completely eliminated from the drinking solution. The positions of the active and inactive levers were held constant during training and testing. All training and testing was conducted during 30-min daily sessions, 5 days a week. Animals were allowed to respond for 10% ethanol for 4-5 weeks before surgery.
Rats were trained to self-administer saccharin solution during daily 30-min sessions using the initial training phases described above, in the same operant chambers, and under identical experimental conditions. After the 0.2% (w/v) saccharin solution, the saccharin concentration was decreased to 0.1%, and then to 0.05%. Rats were allowed to respond for this saccharin solution for 2 weeks before further procedures.
Surgery. Rats were anesthetized with halothane-air mixture and positioned in a stereotaxic frame with the incisor bar adjusted at 3.3 mm below the interaural line. Bilateral 23-gauge guide cannulas were implanted 2 mm above the target areas in the PFC (AP 2.7 from bregma; ML70.6; DV 3.2 from the skull surface) and striatum (AP 1.0 from bregma; ML73.0; DV 5.0), according to Paxinos and Watson (1986) . Cannulas were secured to the skull with three anchor screws and dental cement, and were sealed with stylet wires to prevent occlusion. To alleviate postoperative pain, rats were administered once with buprenorphine (0.03 mg/kg subcutaneously) immediately after the surgery. Animals were allowed to recover for at least a week before ethanol or saccharin self-administration sessions resumed.
Drug administration. For intraperitoneal injections, the CB1 receptor antagonist SR141716A (Sanofi Recherché, Montpellier, France) was suspended in propylene glycol, Tween 80, and saline (ratio 1 : 1 : 18) and administered 30 min before testing using a Latin square, within-subjects experimental design. For intracerebral microinjections (0.5 ml), SR141716A was dissolved in 100% DMSO and diluted to a 75% solution with saline. The drug solutions were infused through 30-gauge injector cannulas connected to 10-ml microsyringes and extending 2 mm below the guides. Microinjections were delivered 20 min before the experimental sessions over a period of 45 s with an infusion pump. Another 60-s diffusion time was allowed before removal of injectors. To habituate the subjects to intracranial injections, the vehicle (75% DMSO) was given as the first injection, followed by the 0, 3, and 6 mg SR141716A doses using a within-subjects Latin square design. At least two baseline sessions were allowed between repeated injections. In order to exclude the possible nonspecific effects induced by the 75% DMSO vehicle on ethanol self-administration, repeated vehicle injections were performed in separate groups of rats with guide cannulas in the PFC (n ¼ 7) or striatum (n ¼ 7).
For intra-PFC microinjections (0.5 ml) of the competitive FAAH inhibitor URB597 ( (Kathuria et al, 2003) ; Cayman Chemicals, MI, USA), the drug was dissolved in 75% DMSO and infused through 30-gauge injector cannulas connected to 10 ml microsyringe and extending 2 mm below the guides. Microinjections were delivered 30 min before the experimental sessions over a period of 60 s with an infusion pump. Another 60 s diffusion time was allowed before removal of injectors. A between-subjects design was used and every animal received only one drug injection.
Blood ethanol concentrations. To verify the blood ethanol concentrations achieved during ethanol self-administration, blood samples (10 ml) were obtained from the lateral tail vein immediately after a 30-min ethanol self-administration session from a group of 20 rats. The ethanol concentrations from blood samples were determined with headspace gas chromatography.
Histology. After completion of behavioral testing, rats were anesthetized briefly with halothane, and killed by decapitation. The brains were fixed overnight with 10% formalin solution. The brains were frozen and sectioned at 100 mm intervals, and the slides were stained with thionine. The positions of the injection cannulas were verified from the sections using a low-power light microscope and the atlas of (Paxinos and Watson, 1986 ).
Statistical Analysis
In situ hybridization, PCR, and biochemistry. Data were analyzed separately for each region by one-way ANOVA, because variances were homogenous within, but not between regions. Owing to the large number of regions examined in the in situ hybridization experiment, the ANOVA-computed probabilities for a treatment effect in each region were corrected for multiplicity of testing using the Holm sequentially corrected Bonferroni's method (Holm, 1979) . Analysis of endocannabinoid measurements was carried out by Mann-Whitney U-test.
Ethanol and saccharin self-administration. The effects of SR141716A on ethanol and saccharin self-administration were expressed as the mean total number of responses at the active and inactive lever during the 30-min session and analyzed with one-way within-subjects ANOVA with repeated measures on dose. Following a significant main effect of dose, each individual drug dose was compared with the vehicle condition using a post hoc means comparison with Bonferroni's correction. The effects of URB597 were analyzed using one-way ANOVA followed by Tukey's multiple comparison post hoc test. Figure 1 ). Regional specificity was indicated by lack of differential expression in cerebellum (Figure 1) or striatum (where expression levels were an order of magnitude lower, and thus difficult to correctly visualize in the figure; FAAH/b-Gluc, mean7SEM: ANA 47.273.6, AA 53.2710.9; and MAGL/b-Gluc: ANA 132.6719.1, AA 161.0741.2). Expression of NAPE-PLD or CB1 receptor transcript did not differ between the lines in any of the regions studied, that is PFC, striatum, or cerebellum (data not shown).
RESULTS
Expression of Endocannabinoid-Related Genes
FAAH Enzyme Activity
In agreement with the expression data, FAAH activity at saturating conditions was about 30% lower in PFC (F[1,10] ¼ 9.63, po0.01; Figure 2 ) but not in striatum or cerebellum of AA rats.
Endocannabinoid Levels
In PFC, both 1-AG and 2-AG levels were significantly higher in AA compared to ANA rats (pmole/mg tissue, mean7 SEM, n ¼ 8 
CB1 Receptor Availability and Function
At saturating concentration of tritiated SR-141716A (10 nM), membrane preparations from AA rats had 20% less binding sites in the PFC compared to ANA rats (F[1,13] ¼ 5.6, po0.05), while densities did not differ in dorsal striatum, and cerebellum. In parallel, WIN 55,212-2-stimulated incorporation of [ 35 S]GTP g S was lower in the PFC (F[1,12] ¼ 4.5, po0.05) but not striatum or cerebellum of AA rats (Table 1) .
CB1 Receptor Gene Expression
The pattern of expression of CB1 mRNA in both AA and ANA lines was consistent with previous studies (Mailleux and Vanderhaeghen, 1992; Hohmann and Herkenham, 2000; Matsuda et al, 1993) (Figure 3) . No difference in CB1 expression between the two lines was found in the PFC. In the caudate putamen, a dorso-mediolateral or dorso-ventrolateral gradient of CB1 mRNA intensity levels was observed, dependent on the bregma level. The strongest signal intensity in the caudate putamen was found rostrally in the mediolateral part (bregma level + 1.0 to + 0.2 mm, Figure 3 ) and more caudally in the ventrolateral part (bregma level À0.4 to À1.8 mm). Differential CB1 expression between the lines was found in the caudate putamen at bregma level + 1.0 to + 0.2 mm (mean optical density Â 10 Effect of CB1 Antagonist SR141716A on Ethanol Self-Administration in AA Rats AA rats showed reliable responding for both 10% (w/v) ethanol and 0.05% (w/v) saccharin. During a baseline 30 min session, self-administration resulted in delivery of Figure 1 Real-time PCR expression data for FAAH and MAGL in prefrontal cortex and cerebellum of AA (black bars) and ANA (white bars) rats. Data are normalized to b-Gluc expression for each region and expressed as mean7SEM *po0.05; **po0.01 vs ANA group; n ¼ 6-8/group. Figure 5c and d, respectively. For SR141716A injections into the medial PFC, the cannula placements were verified within the region from 2.7 to 3.7 mm anterior to bregma. Placements for the intra-striatal injections were verified in Endocannabinoid metabolism and alcohol preference AC Hansson et al the dorsolateral striatum within the region from 0.48 to 1.2 mm anterior to bregma. No differences in cannula locations were found between the ethanol and saccharin self-administration groups. As shown in Figure 6a , although prefrontal SR141716A injections somewhat attenuated saccharin responding (F[2,18] ¼ 5.72, po0.01), post hoc analysis did not reveal significant effects at any individual SR141716A dose, suggesting that saccharin responding was less sensitive to the effects of SR141716A than ethanol responding. Antagonist injections into striatum (Figure 6b ) did not alter saccharin intake (F[2,18] ¼ 1.46, NS). In a separate experiment, repeated intracerebral injections of the vehicle (75% DMSO) had no effects on ethanol responding (F[2,12] ¼ 0.41, NS; F[2,12] ¼ 0.29, NS; for PFC and striatum, respectively). This demonstrates that reductions observed after SR141716A were caused by the antagonist, rather than by the repeated vehicle administration.
FAAH Inhibition and Ethanol Self-Administration in Non-Selected Rats
To mimic the effects of low FAAH activity in the PFC of AA rats and thus validate its functional consequences for ethanol consumption, the FAAH inhibitor URB597 was injected into the PFC of nonselected Wistar rats. Intra-PFC administration of URB597 increased ethanol responding (F[3,39] ¼ 5.2, po0.01; Figure 7 ). Post hoc analysis revealed significant differences between the high dose (4 mg) vs either control group (po0.05) or low dose (0.4 mg; po0.05).
DISCUSSION
Differences in Endocannabinoid Transmission between AA and ANA Rats
Studies using blockade (Arnone et al, 1997; Rodriguez et al, 1999; Colombo et al, 1998b) or genetic inactivation of CB1 receptors (Hungund et al, 2003; Wang et al, 2003; Naassila et al, 2004) imply endocannabinoid signaling in regulation of ethanol self-administration. Brain expression profiling further points to the possibility that dysregulated expression of endocannabinoid genes, and signal transduction genes under their control, could contribute to high alcohol preference (Rimondini et al, 2002; Arlinde et al, 2004; Derkinderen et al, 2001) .
Here, we observed a profound and regionally selective decrease of FAAH expression in the PFC of AA rats. This was accompanied by lower FAAH enzyme activity. To a minor degree, a lower MAGL expression was also found in the PFC of AA rats. The expression of NAPE-PLD, which is the enzyme that releases endocannabinoids from membrane precursors, did not differ between lines. Together with the increased 1-AG and 2-AG levels in the PFC our data thus suggest that endocannabinoid degradation is impaired in this brain region.
Impaired endocannabinoid degradation, leading to a locally elevated endocannabinoid tone within the PFC, might be expected to result in compensatory downregulation of CB1 receptors. Accordingly, we found decreased CB1 receptor density and coupling in the PFC of AA rats. The decreased CB1 binding and function in PFC were observed in absence of differential CB1 gene expression in this region. Since CB1 receptors are commonly located on axon terminals of large projection neurons (Tsou et al, 1998) , the observed dissociation between CB1 binding and expression in PFC of AA rats may reflect that CB1 binding measured is largely due to receptors on afferent fibers originating from other brain regions.
Conversely, a marked reduction of CB1 mRNA was found in dorsal striatum of AA rats, where FAAH and MAGL did not differ between the lines. The lower striatal CB1 expression was not accompanied by decreased binding. A large fraction of CB1 receptor mRNA in the dorsal striatum is committed to receptor expression in striatal projection neurons (Hohmann and Herkenham, 2000) . The observed differences of striatal CB1 mRNA levels may thus mainly affect synthesis of CB1 receptors inserted on termini in striatal output regions.
Several observations relate differences in endocannabinoid systems to differences in alcohol-related phenotypes. High-drinking C57BL/6 mice have lower levels of CB1-binding sites, but higher receptor affinity and coupling than low-drinking DBA/2 mice (Basavarajappa and Hungund, 2002; Hungund and Basavarajappa, 2000) . In Wistar rats, a variety of adaptive changes in endocannabinoid systems have been reported following chronic ethanol exposure (Gonzales et al, 2004; Basavarajappa and Hungund, 2005) . Most importantly for our present findings, preliminary data were recently reported in abstract form (Walker et al, 2005) that FAAH null mutant mice have increased ethanol consumption. This observation, together with our finding of reduced FAAH expression and activity in the PFC of AA rats, and the increased ethanol responding of Wistar rats after intraprefrontal administration of FAAH inhibitor URB597, provide consistent evidence for the hypothesis that decreased endocannabinoid degradation in key brain regions can lead to elevated ethanol consumption.
Systemic and PFC Injections of SR141716A Reduce Ethanol Self-Administration
The differential prefrontal endocannabinoid activity shown here adds to a list of neurochemical and genetic traits which have segregated through selective breeding of the AA and ANA lines (Sinclair et al, 1989; Gianoulakis et al, 1992; Arlinde et al, 2004) . Most of these are likely results of random cosegregation. In order to demonstrate that a difference between the lines causally contributes to alcohol preference, a demonstration is needed that its pharmacological reversal will also reverse this functional phenotype. In the present study, evidence for such a mechanistic involvement was obtained through the observation that systemic administration of the CB1 antagonist SR 141716A (1-10 mg/kg, i.p.) produced a profound, dose-dependent reduction in operant ethanol self-administration in AA rats. Increased sensitivity to the effects of SR 141716A in AA rats was also suggested, since lower antagonist doses were required for this effect than previously reported in nonselected rats (Rodriguez et al, 1999) .
This result is in line with previous studies showing reduced voluntary alcohol intake or operant self-administration in rats by SR 141716A (Arnone et al, 1997; Colombo et al, 1998b; Rodriguez et al, 1999) . Consistently with these, CB1 knockout mice have shown greatly reduced ethanol consumption and preference (Hungund et al, 2003; Wang et al, 2003; Naassila et al, 2004) . These studies have provided convincing support for the notion that the endocannabinoid system is involved in regulation of ethanol consumption. Our present work extends these findings by providing the first demonstration that preexisting differences in endocannabinoid metabolism contributes to alcohol preference, and that targeting this pre-existing abnormality can reverse this phenotype.
The SR141716A doses active in the present study are in a range known to antagonize a variety of ingestive behaviors. For example, SR141716A suppresses heroin and ethanol selfadministration Rodriguez et al, 1999) and responding for food (Freedland et al, 2000) . It also reduces ingestion of ethanol and sucrose solutions (Colombo et al, 1998a, b) . However, the effects of SR141716A on ethanol self-administration can possibly be differentiated from those on food intake, since central administration of SR141716A suppresses ethanol self-administration but not feeding, suggesting the possibility that a peripheral site mediates the food intake-suppressant actions of cannabinoid receptor antagonists (Gomez et al, 2002) .
The biochemical analysis of AA and ANA lines pointed to the PFC and the dorsal striatum as potential sites for involvement in the effect of SR141716A on ethanol intake. Local intracerebral injections of SR141716A subsequently identified the PFC, but not the dorsal striatum, as a sensitive site in mediating the suppression on ethanol drinking in AA rats. Of note, PFC microinjections suppressed alcohol selfadministration to a lower degree than systemic injections. It should not be overlooked that dense CB1 receptor labeling is also found in other brain regions (Tsou et al, 1998) , several of which are known to participate in the regulation of ethanol intake, for example the hippocampus (Tierney et al, 2004) and other cortical or subcortical structures (Carr and Sesack, 1998) . With systemic administration of SR141716A, actions in these areas might contribute to the functional effect observed. It should also be noted that the PFC and dorsal striatum have been implicated in habit formation and expression (Killcross and Coutureau, 2003) . In contrast to natural reinforcers, ethanol self-administration quickly becomes a stimulus-response habit (Dickinson et al, 2002) . Therefore, our observation that CB1 receptor antagonism suppressed ethanol-reinforced behavior more efficiently than that maintained by saccharin could be attributed to effects on motivation, habitual responding, or both.
Taking together the biochemical and pharmacological findings, the picture emerges of a locally elevated PFC endocannabinoid tone due to impaired degradation, in turn leading to compensatory downregulation of receptor density and transduction. The compensation seems to be incomplete, and an elevated endocannabinoid tone in the PFC continues to contribute to high alcohol preference and self-administration, reversed by local administration of antagonist.
PFC Endocannabinoids in Regulation of Ethanol Consumption
Neural mechanisms underlying the PFC endocannabinoid regulation of ethanol consumption are not known, but are likely related to interaction with either the putative primary targets of ethanol, that is, glutamatergic and GABAergic systems, or with dopaminergic and opioidergic pathways of the classical reward circuits. The endogenous cannabinoid system is a potent local regulator of GABAergic and glutamatergic transmission through retrograde messenger actions of endocannabinoids on CB1 receptors located in GABA and glutamate axon terminals (Freund et al, 2003) . These effects are mediated, among others, through metabotropic glutamate receptor-dependent activation of endocannabinoid release located in prefrontal pyramidal neurons (Doherty and Dingledine, 2003; Barbara et al, 2003) . Furthermore, in vivo microdialysis demonstrates that the main cannabinoid constituent of marihuana, D 9 -THC, reduces extracellular GABA in PFC (Pistis et al, 2002) . Together, this suggests a common mechanism for endocannabinoids to modulate neurotransmission via a local GABAergic interneuronal network.
Convergence of Animal and Human Studies
Our findings point to an overactive endocannabinoid system in the PFC of AA rats, with only partial compensation through downregulated CB1 signaling. These results closely parallel the recent description of increased vulnerability to drug use and alcoholism in humans bearing a nucleotide polymorphism in the FAAH gene (Sipe et al, 2002) , and reduced FAAH protein levels as well as activity (Chiang et al, 2004) . Thus, genetic variation in the FAAH gene may predispose to elevated voluntary ethanol consumption and alcoholism.
In conclusion, we show that an overactive and partially desensitized endocannabinoid transmission is present in the PFC of AA rats, and contributes to their phenotype of high ethanol self-administration. This phenotype can be mimicked by FAAH inactivation in the PFC of normal Wistar rats. These results suggest that pre-existing differences in endocannabinoid transmission can confer a susceptibility to high alcohol drinking. They further point to the PFC as a key structure in this trait. Finally, they provide further support for the utility of pharmacologically targeting the endocannabinoid system for treatment of alcoholism.
